The paper proposes a method to measure poloidal rotation velocity of toroidal plasma v pol using Heavy Ion Beam Probe (HIBP) with a multi-slit energy analyzer. The method is based on calculation of phase shift between broadband density turbulence measured simultaneously in two sample volumes, located at the same magnetic surface but separated poloidally. Oscillatory component of HIBP beam current is used as a density turbulence characteristic. HIBP is capable to provide the temporal evolution of the v pol in a fixed radial position and also the v pol profile by periodic radial scan. Method was verified in real plasma experiment in ECRH and NBI discharges on the TJ-II stellarator. Result shows that in low density discharges (n e ≈ 0.3-0.5 × 10 19 m −3 ) absolute values of local v pol is about 4-6 km/s, oriented in the ion diamagnetic drift direction. When HIBP operates for radial scans, it is conventionally measuring the plasma potential profile, and so provides the radial electric field E r and velocity of E × B drift (v E×B ) at the same time as plasma rotation. Experimental data shows that in low density ECRH plasma the rotation velocity coincides with E × B velocity within achieved experimental accuracy. When the density is increasing, both v E×B and v pol tends to decrease and then change the sign at threshold plasma densities in the range of n e ≈ 0.7-1 × 10 19 m −3 . With this new proposed technique HIBP becomes the new effective tool to study plasma rotation and turbulence characteristics in toroidal plasmas.
Introduction
Broadband density turbulence in the frequency range 0-250 kHz was studied on TJ-II stellarator (R = 1.5 m, a = 0.22 m, B 0 = 1 T, n e = 0. 3-6·10 19 m −3 ) in the bulk plasma by Heavy Ion Beam Probe (HIBP) [1] with two-slit energy analyzer [2] . Sample volumes (SV) determined by two slits were located on the same magnetic surface and separated poloidally by 1-2 cm, except the central area, ρ < 0.3. SV positions and sizes were determined by beam trajectory calculations. HIBP dual detector line for two-slit measurements is shown on Fig. 1 . HIBP secondary beam current I tot is proportional to local electron density multiplied by attenuation factor [3] : For the typical TJ-II discharges the path integral effect [4] is negligible since no global long wave modes with k r < 2π/a have been found so far. So, fluctuations of I tot are proportional to the local n e fluctuations [2] : Both I tot signals for each SV were analyzed with twopoint correlation technique, coherency and cross-phase θ 1,2 were determined and the phase velocity of fluctuations v phase = Δx · 2π f /θ 1,2 was calculated. This technique was first used to investigate the power of fluctuations as a function of frequency and wave-number in the direction of edge Langmuir probes measurements [5] .
HIBP measurements were performed in ECRH and NBI heated plasmas (P ECRH = 400-500 kW, P NBI = 600 kW).
An example of the HIBP measurements is presented in Fig. 2 , which shows two I tot signals: I tot1 and I tot2 (a), their coherency (b) and cross-phase (c). The radial profiles of the I tot for both SVs are identical, which proves the location of the SVs at the same magnetic surfaces (the radial difference in SV positions Δρ 1,2 < 0.02). The properties of fluctuations (i.e. frequency spectra, poloidal phase shift and poloidal coherence) for two time intervals marked by blue (t1 = 1170 ms) and red (t2 = 1197 ms) vertical lines in and coherency (c) of HIBP secondary currents at t = 1170 ms (blue) and t = 1197 ms (red). There is a high coherency at 0 < f < 130 kHz.
Radial Scan Measurements
HIBP radial profile measurements are performed by scanning the sample volumes along the detector line by changing voltage on the sweeping plates. Whereas potential profile measurements can be measured in time scales in the order of t scan = 5-15 ms, the profile of v pol needs significantly longer scan time t scan = 30-60 ms to obtain satisfactory statistics for cross-phase calculation. It means that radial profile of v pol can be measured only in steady state plasma, t scan < t steady-state . Figure 4 shows the radial profile of v pol measured in steady ECRH plasma with plasma densities in the range of n e ≈ 0.57 × 10 19 m −3 . Results show a reversal in the phase relation between I tot1 and I tot2 signals in LFS and HFS regions, consistent with a poloidal plasma rotation velocity in the ion diamagnetic drift direction. Figure 5 shows the temporal evolution of v pol in a fixed point ρ ≈ 0.6. In the ECRH stage (t = 1080-1110 ms) of the discharge (P ECRH = 0.4 MW), where the line averaged density is about n e ≈ (0.4-0.5) × 10 19 m −3 and the plasma potential as well as the radial electric field is positive [6, 7] . Poloidal rotation, as deduced from the two-point correlation technique, is directed to ion diamagnetic drift with values in the order of 4 km/s. In the pure NBI stage (t = 1110-1160 ms) of discharge (P NBI = 0.58 MW) the plasma density increases, plasma potential and electric field become negative [8, 9] . In these conditions poloidal velocity changes the direction from ion to electron diamagnetic drift with values up to 10 km/s, which is consistent with previous results using Doppler reflectometry [10] .
Temporal Evolution

Comparison of v pol with v E×B
TJ-II HIBP is conventionally used for the potential profile studies [6] [7] [8] [9] . When HIBP is operated for radial scans, it measures the plasma potential profile, and so pro- vides the radial electric field E r during one shot [11] . The trajectory optimization has allowed us to measure profiles of poloidal velocity and plasma potential at the same time (using slow-scan technique in a steady state, t scan = 30-60 ms). Such mode of HIBP operation gives us a possibility to compare local values of v pol and v E×B .
Note that both values are retrieved from the same set of the raw HIBP data: v pol from the cross-phase of the density, v E×B from potential profile. This experiment can be performed in special experimental conditions of long steady state plasma. Figure 6 shows the results of such experiment in ECRH discharge (P ECRH = 0.5 MW, n e = 0.45 × 10 19 m −3 ). The upper box (a) presents the raw profiles of two HIBP potentials and currents, which are practically equal for the first and second slits. This remarkable similarity is considered as an experimental proof of the proper poloidal adjustment of two SVs. The figure shows that the local values of v E×B and v pol present a reasonably good agreement in the direction and value within the experimental errors. Radial electric field errors are estimated by variation of the fitting parameters, leaving potential fit within experimental errors for the specific scan.
Conclusions
Multi-slit HIBP shows a possibility to study poloidal rotation of plasma. Measurements of v pol were done in ECRH and NBI heated plasmas in the TJ-II stellarator. The possibility to measure profiles of v pol and electric potential at the same time was shown in the steady state discharges. Local values of v pol and v E×B , both measured by HIBP, are similar within the experimental error. The work was supported by RFBR grants 10-02-01383 and 11-02-00067.
